Abstract: We propose a linearized analog photonic link (APL) using a single z-cut LiNbO 3 dual-output Mach-Zehnder modulator (MZM) to remove the third-order intermodulation distortion (IMD3). A polarizer, a z-cut LiNbO 3 dual-output MZM, and a polarization beam combiner are combined to realize orthogonal polarized complementary intensity modulation with diverse modulation depth. Two IMDs3 with identical amplitude and adverse phase are eliminated destructively via appropriately controlling the optical power between two orthogonal polarized paths. A theoretical analysis is carried out and demonstrated by a simulation. Simulation results show that the spurious-free dynamic range of the proposed linearized APL is 24.5 dB and 18.5 dB higher than that of the conventional optical double sideband modulation link in back-to-back transmission and after 20 km transmission in single-mode fiber, respectively. The proposed scheme features simple structure with good performance.
Introduction
Thanks to the advantages of small loss, broad bandwidth, and immunity to electromagnetic interference, analog photonic links (APLs) have been explored for various applications such as antenna remoting, radio astronomy, radar, and electronic warfare [1] , [2] . An important figure of merit for the APL is the spurious-free dynamic range (SFDR), which is mainly limited by the inherent nonlinear characteristic of the electro-optical modulator [3] - [5] . For a subcarrier multiplexing APL, the IMDs3 are more harmful to the fundamental signals compared with the second-order nonlinear distortions, since they cannot easily be removed by an electrical filter.
In past decades, many approaches have been presented to enhance the SFDR of the APL via eliminating the IMDs3 [6] - [15] . Compared with the electrical predistortion [6] , linearization in the optical domain is more preferable due to the advantage of large operation bandwidth [16] , which can be divided into two categories. The first one is based on canceling out three beating origins of distortion components by modifying the phase and amplitude of the modulated optical sidebands to remove the IMD3 [7] - [10] . In [7] and [8] , the optical postcompensation after the modulator using a grating and a spatial light modulator was proposed. However, the losses of the link will be increased due to the use of spatial light modulator. In [9] and [10] , a single-drive or dual-drive dual-parallel Mach-Zehnder modulator was proposed to eliminate the IMD3. By properly controlling the phase of the RF drive signals and the direct current bias points of the modulator, three origins of IMD3 have equal intensity and opposite phase, resulting in a better linearity. However, it is difficult to achieve three direct current bias points of the dual-parallel Mach-Zehnder modulator desired by the theory with adequate stability simultaneously. The main ideal of the second linearized methods in the optical domain is to use two optical paths to produce two identical, but complementary IMD3 terms [11] - [15] . These distortions will be summed at a photodetector and be suppressed destructively. However, the use of a dual-parallel MZM and two photodetector [11] , a balanced photodetector pair [12] , or a dual-parallel polarization modulator [13] will increase the complexity and cost of the system. In order to simplify the system, two schemes using a single polarization modulator were proposed [14] , [15] . In [14] , the combined use of a polarization modulator and a polarization beam splitter can be treated as two MZMs biasing at the opposite slopes. By using a phase-shifted fiber Bragg grating (PS-FBG) to partially eliminate the optical carrier of one path, the IMD3 from the two paths will be cancelled. However, the optical sidebands close to the optical carrier are also suppressed due to the finite width of the PS-FBG for practical applications, which influences the suppression of the IMD3. The operation principals of [14] and [15] are similar apart from the optical carrier is suppressed by the bidirectional use of the polarization modulator in one of the paths in [15] . However, the stability of this system will be affected by the sensitive characteristic of a Sagnac loop structure.
In this paper, we propose a linearized analog photonic link using only a single laser source, a single z-cut LiNbO 3 dual-output MZM and a single photodetector. Thanks to the diverse electrooptic coefficients along the orthogonal polarized directions of the z-cut LiNbO 3 dual-output MZM and the complementary intensity modulation characteristic at two outputs of the modulator, two third-order inter-modulation distortions with the same amplitude and adverse phase are generated and suppressed destructively. The SFDR of the proposed linearized link is theoretically analyzed, demonstrated by simulation, and compared with that of the conventional optical double-sidebands modulation link. Furthermore, the imperfect factor on the SFDR performance of the proposed link is also discussed. Fig. 1 shows the structure of the presented linearized analog photonic link, which consists of a laser diode (LD), three polarization controllers (PCs), a polarizer (Pol), a z-cut LiNbO 3 dual-output MZM (DOMZM), a polarization beam combiner (PBC), and a photodetector (PD). A continues light wave from the LD is first adjusted by the PC1 and then sent to a polarizer. The principal axis of the polarizer is aligned at α relative to the x-(TE) axis of the dual-output MZM. Thus, the output of the polarizer can be written as
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where E c and w c represent the amplitude and angular frequency of the signal at the output of the PC1. It has been verified that the electro-optic coefficient γ 31 along the x-(TE) axis of the z-cut LiNbO 3 MZM is about 1/3 of the coefficient γ 33 along the z-(TM) axis [17] , which enables the radio frequency drive signal to be concurrently modulated in orthogonal polarized directions by diverse amounts. Thus, the orthogonal polarized outputs at one port of the DOMZM can be expressed as Since the modulated optical signals at two output ports of the DOMZM are complementary [18] , [19] , the orthogonal polarized outputs at the other port of the DOMZM can be written as 
By properly adjusting PC2 and PC3, the x-axis modulated optical signal from the port1 of the DOMZM and the z-axis modulated optical signal from the port2 of the DOMZM are selected by the PBC. Thus, the output of the PBC can be expressed as 
The output optical signal is injected into a PD for photoelectric conversion. The detected current is given by 
where R represents the responsitivity of PD.
In order to better show the amplitude and phase relationship of different frequency components, (5) is expanded using Jacobi-Anger expansion:
where I 0 , I 1 and I 3 represent coefficients of the dc, fundamental and IMD3, J n represents the n order Bessel function of first kind. Assuming that the modulation depth m << 1, the equations J 0 (2m) ≈ 1, J 1 (2m) ≈ m, and J 2 (2m) ≈ m 2 /2 can be obtained. Thus, the coefficients of the fundamental and IMD3 are written as
where
[1 + cos (θ)]/2 represents the received average optical power. In order to suppress the IMD3, the following condition should be satisfied:
Furthermore, for the sake of maintaining the fundamental signal, we have
Thus, in order to eliminate the IMD3 while maintaining the fundamental signal, the principal axis of the polarizer should be aligned at −11
• or 11
• relative to the x-(TE) axis of the dual-output MZM according to (9) and (10) .
The above theoretical analysis is based on the mathematics model of our linear link. We can also understand our scheme in the view of physics, which is shown in the inset of Fig. 1 . Due to the diverse electro-optic coefficients along the orthogonal polarized directions of the z-cut LiNbO 3 dual-output MZM, the outputs at port1 of the DOMZM carry different amounts of IMDs3 along x-(TE) axis and z-(TM) axis. In a similar way, the orthogonal polarized outputs at port2 of the DOMZM also carry different amounts of IMDs3 along x-(TE) axis and z-(TM) axis. Since two outputs of the DOMZM are complementary, complementary modulated orthogonal polarized signals with different amounts of IMDs3 at the output of the PBC can be obtained after properly controlling PC2 and PC3. By adjusting the power relationship between orthogonal polarized optical signals, the IMDs3 at the output of the PD will have identical amplitude and opposite phase to cancel each other out, while the fundamental signals will exist since they have different amplitude and opposite phase.
To better analyze the nonlinear suppression performance of our linearized link, the expression for spurious-free dynamic range (SFDR) should be derived. First, by calculating the power of the fundamental and intermodulation distortion signals, the fifth-order intercept point of the proposed link is written as
On the basis of (11), the fifth-order-limited spurious-free dynamic range of the proposed link for the receiver bandwidth of 1 Hz can be expressed as [5] SF D R 
where N o represents the power spectral density of output noise. While for the conventional analog photonic link with the MZM operated at the linear point, the third-order-limited SFDR is written as [5] 
Assuming the parameters θ = 0.85π, P r = 10 dBm, N o = −157.8 dBm/Hz, and R = 0.8 A/W are satisfied, according to (12) and (13), we can calculate that the SFDR of the proposed linear link and the conventional ODSB link are 128.1 dB·Hz 4/5 and 103.4 dB·Hz 2/3 , respectively, which means an improvement of 24.7 dB in SFDR can be obtained.
The above theoretical analysis are based on ideal conditions. In real applications, if the polarization direction of the polarizer deviates from the desired angle, (9) becomes invalid, which will influence the nonlinear suppression of the link. At this point, the third order coefficient of the intermodulation distortion will be primary distortion components, as shown in (8) . Thus, the third-order intercept point and third-order limited spurious-free dynamic range are written as [5] O I P
Simulation Results
To verify the linear performance of the proposed DOMZM scheme, a link model is established using the simulation software OptiSystem, which is shown in Fig. 1 . Table 1 shows the parameters for the simulation. In order to reveal the principle of the proposed DOMZM scheme, the simulated fundamental and IMD3 power as a function of RF input power along x-(TE) axis and z-(TM) axis polarization directions are seen in Fig. 2 . It is shown from Fig. 2 that the power of the IMD3 along x-(TE) axis and z-(TM) axis polarization directions are the same, while the power of the fundamental signal along x-(TE) axis polarization direction is larger than that of along the z-(TM) axis polarization direction. Since the orthogonal polarized outputs of the PBC can be treated as the outputs of two MZMs biased at the same transmission points, but at opposite slopes, the phases of the IMD3 responses are opposite after incoherent detection by the PD. Thus, the third-order intermodulation distortion signals are canceled and the fundamental signal along the x-(TE) axis polarization direction is the main signal component. To investigate the elimination of IMD3, the electrical spectrum at the output of the PD based on DOMZM scheme with the modulation index of 0.33 is simulated, as shown in Fig. 3(a) . It can be seen from Fig. 3(a) that the IMDs3 are well suppressed, which is more than 60 dB lower than the fundamental signal. In order to compare our scheme with the conventional one without sacrificing the power of the fundamental signals, an analog photonic link based on optical double sideband modulation with the modulation index of 0.44 is also established in order to obtain the same output power of the fundamental signals, and the other parameters for simulation are identical as depicted in Table 1 . The electrical spectrum at the output of the PD based on optical double sideband modulation scheme is shown in Fig. 3(b) . It can be seen that the large IMDs3 exist and that the fundamental-to-IMD3 ratio (FIR) is merely 21.8 dB.
In order to better show the nonlinear suppression performance of our DOMZM scheme, the SFDR performance is also simulated. Fig. 4 shows the SFDRs for the proposed DOMZM scheme and conventional optical double sideband modulation scheme in back to back transmission and after 20 km transmission in SMF. It can be seen from Fig. 4 that the nonlinear distortion of the link is restricted by the fifth-order components for the DOMZM approach since the slope of the IMD3 is 5, which is in accordance with the theoretical analysis shown in (8) . For the optical double sideband modulation approach, the nonlinear distortion of the link is restricted by the third-order components since the slope of the IMD3 is 3. Besides, for back to back transmission, the SFDR for our DOMZM link is 127 dB at 1 Hz bandwidth when the noise power density is −157.8 dBm/Hz, as shown in Fig. 4(a) , which is 24.5 dB larger than that for the optical double sideband modulation link (102.5 dB). The simulated SFDRs are consistent with the theoretical analysis, as shown in (12) and (13) . For 20 km transmission in SMF, the SFDR for our DOMZM link is 116.6 dB, as shown in Fig. 4 (b) , which is still 18.5 dB larger than that for the optical double sideband modulation link (98.1 dB).
In real systems, the non-ideal polarization angle for the polarizer (α) may lead to the deterioration of the SFDR. The effect of the deviation of the polarization angle on the SFDR is shown in Fig. 5 . It is seen from Fig. 5 that the simulation results are consistent with the theoretical calculation results using (15) . The maximum SFDR can be obtained when the polarization angle for the polarizer is α = −11
• or α = 11
• . The SFDR of the proposed DOMZM link is higher than that of the conventional optical double sideband modulation link as long as the polarization angle for the polarizer is within −19
• < α < 20
• . Besides, the influence of the non-ideal extinction ratio of the dual-output MZM on the SFDR of our linearized link has also been simulated, as shown in Fig. 6 . It can be seen from Fig. 6 that even if the extinction ratio of the dual-output MZM is 10 dB, the SFDR of our linearized link is still 16.5 dB higher than that of the conventional ODSB link, which shows the feasibility of our scheme in practice. 
Conclusion
A linearized analog photonic link that uses a single z-cut LiNbO 3 dual-output Mach-Zehnder modulator (DOMZM) to eliminate third-order intermodulation distortion is proposed and demonstrated. Since the electro-optic coefficients along the orthogonal polarized directions of the z-cut LiNbO 3 dual-output MZM are different and two outputs of the modulator are complementary, by properly adjusting the power relationship between two polarization directions, the suppression of IMD3 is achieved by destructive combination of two distortions with the same intensity and opposite phase. Thus, the SFDR of the APL can be enhanced. A linearized link model is established which is demonstrated by a simulation. Compared with a conventional optical double sideband modulation link, an improvement in SFDR of 24.5 dB and 18.5 dB are achieved with the same received optical power in back to back transmission and after 20 km transmission in SMF. Furthermore, even though the polarization angle for the polarizer deviates from the perfect state to twenty degree or the extinction ratio of the modulator is 10 dB, the SFDR of our DOMZM scheme is remain higher than that of the optical double sideband modulation scheme.
